Endocardial fibroelastosis (EFE) refers to the thickening of the ventricular endocardium as a result of de novo deposition of subendocardial fibrous tissue layers during neonatal heart development. The origin of EFE fibroblasts is proposed to be postnatal endocardial cells that undergo an aberrant endothelial-to-mesenchymal transition (End-MT). Genetic lineage tracing of endocardial cells with the inducible endocardial Cre line Npr3-CreER and the endothelial cell tracing line Cdh5-CreER on an EFE-like model did not reveal any contribution of neonatal endocardial cells to fibroblasts in the EFE-like tissues. Instead, lineage tracing of embryonic epicardium by Wt1-CreER suggested that epicardium-derived mesenchymal cells (MCs) served as the major source of EFE fibroblasts. By labeling MCs using Sox9-CreER, we confirmed that MCs of the embryonic heart expand and contribute to the majority of neonatal EFE fibroblasts. During this pathological process, TGFβ signaling, the key mediator of fibroblasts activation, was highly upregulated in the EFE-like tissues. Targeting TGFβ signaling by administration of its antagonist bone morphogenetic protein 7 effectively reduced fibroblast accumulation and tissue fibrosis in the EFE-like model. Our study provides genetic evidence that excessive fibroblasts in the EFE-like tissues mainly originate from the epicardium-derived MCs through epicardial to mesenchymal transition (EpiMT). These EpiMT-derived fibroblasts within the EFElike tissues could serve as a potential therapeutic target.
Introduction
which encapsulates the underlying myocardium. It is thought that EFE limits ventricular diastolic compliance and restricts ventricular growth [9, 10] . EFE is correlated to a variety of diseases such as hypoplastic left heart syndrome (HLHS) and bacterial myocarditis. It has been reported that fetal intervention and postnatal surgical removal of EFE tissues could renew left ventricular growth and restore biventricular physiology in some cases of HLHS [11, 12] . Nevertheless, effective measures are still needed to inhibit formation of EFE tissues. Therefore, understanding the pathophysiological progression of EFE would help provide new insights into the search for the potential therapeutic targets in treatment of EFE.
The main cellular population of EFE tissues is fibroblasts that generates extracellular matrix. Excessive deposition of fibroblasts and extracellular matrix leads to development of fibrosis, which is one of the main pathological features of EFE. To date, little is known about the cellular origins of EFE. It would therefore be helpful to unravel the cellular origins of EFE fibroblasts in order to delineate the pathogenesis of EFE and thereby design potential therapeutic strategies. As its name suggests, EFE is largely restricted to the endocardial tissue. It has been reported that the origin of EFE fibroblasts lies in the endocardial to mesenchymal transition [13] . Moreover, the ability to surgically remove the thickened fibroelastic layer without myocardial contamination suggests, but does not prove, that the fibrotic tissue might be derived from endocardium [12] .
During murine heart development, at approximately embryonic day (E)12.5, epicardial cells migrate into the myocardium and give rise to mesenchymal cells (MCs) via the epithelial-to-mesenchymal transition (EpiMT). These epicardial-derived mesenchymal cells (Epi-MCs) then contribute to several lineages of the heart, including fibroblasts, pericytes and smooth muscle cells (SMCs) [14] [15] [16] [17] [18] . In addition, at E9.5, endocardial cells undergo endothelial-to-mesenchymal transition (EndMT) and populate the endocardial cushions with MCs. Recent studies have suggested that these endocardial-derived mesenchymal cells (Endo-MCs) could migrate into the myocardium and differentiate into fibroblasts, pericytes and SMCs [19] [20] [21] . These studies suggest that both EpiMCs and Endo-MCs could contribute to cardiac fibroblasts during heart development. In normal adult hearts, lineage tracing experiments with the Wt1-Cre line has shown that over 90% fibroblasts in the ventricular walls and 30% fibroblasts in the ventricular septum are derived from the embryonic epicardium [19] . Moreover, fate mapping of endothelium using the Tie2-Cre and Ve-cadherin (Cdh5)-CreER lines has demonstrated a contribution of embryonic endocardial-derived fibroblasts complementary to those of the epicardium. Embryonic endocardium contributes about 12% fibroblasts in the left ventricular walls and 64% fibroblasts in the ventricular septum [19] . Therefore, fibroblasts of normal adult hearts are mainly derived from the embryonic Epi-MCs with a minor contribution from the embryonic Endo-MCs [19] .
Following cardiac injury, it has been reported that the endothelium and hematopoietic cells are origins of cardiac fibroblasts in various fibrosis models including ascending aorta constriction, chronic allograft rejection, myocardial infarction, diabetes and the angiotensin-induced cardiac fibrosis model [22] [23] [24] [25] [26] . Notably, inhibition of EndMT during fibrosis reduces fibroblast deposition and facilitates heart repair [22] . Fibrotic EndMT and circulating fibroblast progenitors represent two potential therapeutic targets for fibrosis [27] . However, recent studies argued that new fibroblasts in injured heart are mainly derived from resident fibroblasts, which originate from embryonic Epi-MCs and Endo-MCs [19, 21] . Lineage tracing studies for adult endothelium (Ve-cadherin-CreER), adult epicardium (Wt1-CreER and Tbx18-CreER) or hematopoietic cells (Vav-Cre) have not provided convincing evidence for their contribution to fibroblasts following myocardial stress [19] . Moreover, neither transplantation studies nor parabiosis experiments support the notion that new cardiac fibroblasts are derived from bone marrow or circulating cells [21] .
EFE is a specialized form of fibrosis that involves excessive fibroblast deposition in the thickened endocardial layer. Here, by virtue of multiple independent Cre knockin mouse lines, we confirmed that postnatal endothelium, including both endocardium and coronary endothelium, did not contribute to fibrotic fibroblasts in mouse EFElike models. Instead, embryonic MCs labeled by Sox9-CreER gave rise to the majority of EFE fibroblasts. Specifically, Epi-MCs but not Endo-MCs were the major sources of fibroblasts within the EFE-like tissues. We also detected high expression of TGFβ in the EFE-like tissues, and treatment of mice with bone morphogenetic protein 7 (BMP7), an antagonist for TGFβ signaling, effectively reduces fibroblast accumulation and tissue fibrosis. Our results suggest that therapeutic strategies in reducing pathogenic EFE fibroblasts should shift from the focus of targeting the postnatal EndMT-derived fibroblasts to pathways regulating development of the embryonic EpiMT-derived fibroblasts.
Results

Mouse EFE-like model of unloaded heterotopically transplanted hearts
The pathogenesis of human EFE remains obscure. It often occurs in fetal or neonatal hearts with hypoplastic left heart syndrome (HLHS), which may result from aortic stenosis and left ventricular dysfunction. From clinical observations, the presence of EFE has a strong relationship with the decreased left ventricular blood flow.
To mimic the conditions of human fetal/neonatal hearts with EFE, an EFE-like model with a nonworking hemodynamically unloaded heart has been introduced to study EFE for years [13, 28] . In this established model, reduced ventricular and intracavitary blood flow are found, recapitulating the conditions in human fetal hearts with HLHS when the aortic valve closes. Moreover, fibrosis in the EFE-like model may result from ischemia due to reduced blood flow in the hemodynamically unloaded heart. To investigate the origin of fibroblasts within EFE-like tissues, we first developed the EFE-like mouse model, in which neonatal hearts were heterotopically transplanted into the abdomen of adult mice, as previously described [28, 29] . Such surgery procedures on immature donor hearts could model the pathogenesis of human EFE, which is associated with reduced blood flow at the neonatal stage. Briefly, postnatal day (P)7 mouse heart was collected and implanted as a heterotopic infra-renal graft, where the ascending aorta was surgically linked to the infra-renal aorta and the pulmonary artery was linked to the inferior vena cava anastomoses [28, 29] . The donor hearts were then analyzed at day 12 following transplantation ( Figure 1A and 1B). Human EFE has the gross appearance of subendocardial fibrosis; thus we examined the morphology and degree of fibrosis of the heterotopic EFE-like heart transplants by H&E staining, sirius red staining and Collagen staining, respectively. Compared with the native hearts, excessive extracellular matrix was deposited in the subendocardial layers of left ventricles of the heterotopic heart transplants ( Figure 1C and Supplementary information, Figure S1A -S1D). To confirm fibrous tissue deposition in the subendocardial layers of the heterotopic heart transplants, we stained heart sections for the fibroblast marker platelet-derived growth factor receptor alpha (PDGFRa); and found that deposition of PDGFRa + fibroblasts was significantly increased in heterotopic heart transplants (Supplementary information, Figure S1E ). We also stained heart sections for an additional, widely used yet less specific fibroblast marker fibroblast-specific protein-1 (FSP1) [13] , which also labels some endothelial cells and leukocytes [30] . Similarly, we observed a significant increase in FSP1 + cells in the heterotopic heart transplants compared with the native hearts (Supplementary information, Figure S1F ). Taken together, our results showed a successful mouse model recapitulating pathogenesis of EFE via heterotopic heart transplantation.
Lineage tracing of postnatal endothelium shows no evidence for EndMT in EFE-like tissues
Endothelial cells in the heart include both the endocardial and coronary endothelial cells. We generated the Npr3-CreER mouse line that specifically marked the endocardium at embryonic stages [31, 32] . To test if Npr3-CreER labels postnatal endocardial endothelial cells, we crossed Npr3-CreER with the reporter line Rosa26-loxp-stop-loxp-tdTomato (R26-tdTomato) [33] and treated Npr3-CreER;R26-tdTomato pups at postnatal day (P) 5 with tamoxifen. The hearts were then collected at 48 h post treatment. Immunostaining for the tracing reporter tdTomato and the coronary endothelial marker FABP4 on heart sections showed that Npr3-CreER labeled endocardial cells but not coronary endothelial cells (Supplementary information, Figure S2A ). In addition to the endocardium, we found that Npr3-CreER also labeled a subset of epicardial cells (Supplementary information, Figure S2B ).
A previous study suggests that fibroblasts in the EFElike tissues are mainly derived from aberrant EndMT [13] . To verify if the endocardium contributes to fibroblasts within EFE-like tissues, we administered a neonatal Npr3-CreER;R26-tdTomato mouse with tamoxifen at P5, and implanted the P7 heart into the abdomen of an adult wild-type mouse. At day 12 following implantation, the donor heart was harvested and analyzed ( Figure 1D ). Immunostaining for tdTomato, fibroblast marker PDGFRa and endothelial cell-specific marker CDH5 showed that Npr3-CreER-labeled endocardial cells did not contribute to any fibroblast within the EFE-like tissues ( Figure 1E ). Immunostaining for tdTomato, CDH5 and an additional fibroblast marker, FSP1, confirmed that endocardial cells did not contribute to any FSP1 +
CDH5
− fibroblast in the EFE-like tissues ( Figure 1F ). We also traced the neonatal endocardium in native Npr3-CreER;R26-tdTomato hearts following tamoxifen induction at P5 and heart collection at P19. In normal hearts, Npr3-CreER labeled both endocardial and epicardial cells at P19, but not vascular endothelial cells (Supplementary information, Figure S2C and S2D). In P19 mouse hearts, neither PDGFRa + nor FSP1 + cells were derived from endocardial cells (Supplementary information, Figure S2E and S2F). Collectively, these data demonstrated that neonatal endocardial cells did not contribute to fibroblasts in either EFE-like or normal hearts ( Figure 1G ). These data also proved that Npr3-CreER-labeled neonatal epicardium did not contribute to fibroblasts in either EFE-like or normal hearts. We next asked if vascular endothelial cells contribute to new fibroblasts through EndMT [22] . To this end, we employed Cdh5-CreER;R26-tdTomato to address vascular EndMT in EFE-like tissues, as it has been shown that Cdh5-CreER labels most coronary vascular endothelial cells [34] . Tamoxifen was administered 2 days before the Cdh5-CreER;R26-tdTomato heart was transplanted to the recipient mouse. The donor heart was harvested and analyzed at day 12 following transplantation ( Figure 1H ). Immunostaining for tdTomato and PDGFRa or FSP1 showed that Cdh5-CreER-labeled endothelial cells did not contribute to PDGFRa + or FSP1 + CDH5 − cells ( Figure  1I and 1J) . Taken together, our lineage tracing data from Npr3-CreER and Cdh5-CreER lines demonstrated that endocardial and vascular endothelial cells did not contribute to fibroblasts within the EFE-like tissues ( Figure  1G and 1K), suggesting that EndMT is unlikely to be the major mechanism for development of EFE fibroblasts.
Embryonic cardiac MCs are the major source of EFE fibroblasts
Given that some studies have demonstrated that fibroblasts deposited following aortic banding are derived solely from resident fibroblasts, which originate from embryonic Epi-MCs and embryonic Endo-MCs [19, 21] , we hypothesized that the fibroblasts within EFElike tissues were derived from preexisting cardiac MCs within the myocardium before birth. It has been reported that the transcription factor SRY-type box (Sox) 9, which plays critical roles in cardiac valve formation and epicardial migration at embryonic stages, is highly expressed in epicardial cells, Epi-MCs and Endo-MCs [35] [36] [37] . Thus we employed the Sox9-CreER mouse line to investigate if cardiac MCs contribute to EFE fibroblasts.
We first collected Sox9-CreER embryos from E9.5 to E11.5 and examined the expression of the estrogen receptor (ESR), which served as a surrogate for Sox9 expression. Immunostaining for ESR and CDH5 on E9. Figure S3A -S3D). To further confirm that Sox9 was expressed in EndMT-derived cushion MCs, we collected embryos of Npr3-CreER;R26-tdTomato at E10.5, which had been treated with tamoxifen at E8.5, and stained for tdTomato, Sox9 and CDH5. The immunostaining data showed co-localization of Sox9 and tdTomato in the atrioventricular cushion (Supplementary information, Figure S3E ), indicating that Sox9 was expressed in endocardial-derived MCs.
Having validated expression of CreER/Sox9 in the early embryonic heart, we utilized Sox9-CreER for genetic lineage tracing of MCs in the EFE-like model. We crossed the Sox9-CreER mouse strain with the reporter line R26-tdTomato to examine the labeling efficiency of MCs by Sox9-CreER. Tamoxifen was administered at E9.5 and hearts were harvested at E14.5 ( Figure 2D ). Immunostaining for tdTomato and the endothelial maker PECAM on E14.5 heart sections showed that tdTomato was robustly detected in the endocardial cushion, epicardium and subepicardial regions (Supplementary information, Figure S4B ). Some of these tdTomato + cells were located in close proximity to PECAM + endothelial cells, but they were rarely endothelial cells (0.63% ± 0.23%, n = 4; Supplementary information, Figure S4B ). Instead, immunostaining for the epicardial marker TBX18 showed that a high percentage of epicardial cells were tdTomato + cells (95.42% ± 1.51%, n = 4; Supplementary information, Figure S4C ). We also performed co-staining for tdTomato and the embryonic cardiac mesenchymal cell markers PDGFRa or platelet derived growth factor receptor beta (PDGFRb); and found that Sox9-CreER efficiently labeled cushion MCs and epicardial-derived MCs ( Figure 2E and 2F). Taken together, Sox9-CreER labeled cardiac MCs that included both Endo-MCs and Epi-MCs at early-to-mid embryonic stages.
We next followed the cell fate of Sox9-CreER-labeled cardiac MCs to the postnatal stage ( Figure 3A ). We collected normal hearts at P19 and stained heart sections for PDGFRa, PDGFRb and alpha smooth muscle actin (aSMA), which are markers for fibroblasts, pericytes and SMCs, respectively, at this stage. We found that tdTomato + cells constituted 91.18% ± 1.32% of PDGFRa + fibroblasts, 93.60% ± 1.39% of PDGFRb + pericytes, and 96.86% ± 1.74% of aSMA + SMCs (n = 4; Figure 3B -3E). These data suggested that Sox9-CreER-labeled cardiac MCs contributed to the majority of fibroblasts, pericytes and SMCs in normal heart during postnatal homeostasis.
As hematopoietic cells have been reported as potential origins of fibroblasts [23, 24, 26] , we therefore examined whether Sox9-CreER labels resident myeloid cells or circulating hematopoietic cells. First we collected P7 hearts from Sox9-CreER;R26-tdTomato mice, which were administered with tamoxifen at E9.5. Immunostaining for tdTomato along with hematopoietic marker CD45 or macrophage marker F4/80 and CD11b suggested that Lineage tracing strategy using Sox9-CreER;R26-tdTomato embryos. Tamoxifen was administered at E9.5 and embryos were collected for analysis at E14.5. (E) Immunostaining for tdTomato and PDGFRb on heart sections of E14.5 Sox9-CreER;R26-tdTomato embryos. E1 and E2 are magnified images of boxed regions in E. (F) Immunostaining for tdTomato and PDGFRa on heart sections of Sox9-CreER;R26-tdTomato mice at E14.5 confirms that tdTomato labels epicardial-derived mesenchymal cells. a, atrium; AVC, atrioventricular canal; Epi, epicardium; PE, proepicardium; v, ventricle. Scale bar, 100 µm. To determine the contribution of cardiac MCs to EFE fibroblasts, we developed an EFE-like model using Sox9-CreER;R26-tdTomato donor hearts. Similar to the native heart study, tamoxifen was administered at E9.5 to label MCs in donor hearts. Donor hearts were collected and implanted in recipient mice at P7. At day 12 following transplantation, the donor hearts were harvested and analyzed ( Figure 4A ). Immunostaining for tdTomato and PDGFRa showed that the majority of PDGFRa + fibroblasts within the EFE-like tissues were tdTomato + (88.68% ± 0.98%; n = 5; Figure 4B -4D). We also carried out flow cytometry analysis to study the percentage of tdTomato + fibroblasts in the EFE-like model, and found that 84.85% ± 0.98% of PDGFRa + fibroblasts were labeled by tdTomato ( Figure 4E-4G ). To further confirm if MCs give rise to fibroblasts, we also co-stained for an additional fibroblast marker FSP1, and detected tdToma- to + FSP1 + CDH5 − fibroblasts within the EFE-like tissues ( Figure 4H ). Our results suggested that most EFE fibroblasts were derived from Sox9-CreER-labeled embryonic MCs.
Sox9-CreER
Embryonic endocardium minimally contributes to the
EFE fibroblasts
As cardiac MCs include Endo-MCs and Epi-MCs, we asked to what extent these MCs from each respective compartment contribute to fibroblasts within EFE-like tissues. To address this question, we employed endocardial-and epicardial-specific inducible Cre lines for fate mapping analysis on their descendants in EFE-like models.
Cardiac endocardium represents a unique population of endothelial cells that expresses NFATC1 at early embryonic stages [38] [39] [40] . For tracing the descendants of embryonic endocardium including Endo-MCs, we generated a tamoxifen-inducible Nfatc1-2A-CreER knockin line (Supplementary information, Figure S6A ). First, we analyzed expression of ESR, which is a surrogate for NFATC1 expression. Whole-mount staining showed that ESR was expressed in the endocardium of Nfatc1-2A-CreER embryos at E8.5 (Supplementary information, Figure S6B ). Immunostaining for ESR and CDH5 revealed that ESR expression was specific to the endocardial cells at E9.5 (Supplementary information, Figure  S6C ). Next, to determine the Endo-MCs labeling by Nfatc1-2A-CreER, we performed lineage tracing experiments by crossing Nfatc1-2A-CreER with the reporter R26-tdTomato line. Tamoxifen was administered at E8.5 and embryos were collected at E10.5 (Supplementary information, Figure S6D ). Co-staining for tdTomato and the endothelial cell marker PECAM on E10.5 embryonic sections showed that Nfatc1-2A-CreER labeled endocardial cells and endocardial-derived cushion mesenchymal cells (Supplementary information, Figure S6E ). We also followed the fate of Nfatc1-derived cells to the postnatal stage, and collected Nfatc1-2A-CreER;R26-tdTomato hearts at P19 (Supplementary information, Figure S6D ). Immunostaining for tdTomato and the fibroblast marker PDGFRa on heart sections showed that a subset of tdTomato + cells were PDGFRa + and these were distributed within atrioventricular valves, the ventricular septum and the subendocardial myocardium (Supplementary information, Figure S6F -S6H). Our results are consistent with a recent study of the endocardial origin of cardiac fibroblasts [19] .
To examine the endocardial contribution to EFE fibroblasts, we developed EFE-like models using Nfatc1-2A-CreER;R26-tdTomato heart transplantation ( Figure 5A ). On the EFE heart sections, we co-stained tdTomato and PDGFRa, and identified tdTomato + PDGFRa + fibroblasts in the subendocardial EFE-like tissues ( Figure 5B) . Quantification of the percentage of labeled fibroblasts within the EFE-like tissues showed that 5.96% ± 0.74% of fibroblasts were derived from the Nfatc1-2A-CreER-labeled embryonic endocardium ( Figure 5C ). Immunostaining for FSP1 and CDH5 also identified endocardial-derived tdTomato + FSP1 + CDH5 − cells (Figure 5D) . We also carried out flow cytometric analysis to study the percentage of tdTomato + fibroblasts within the EFE-like model, and found that about 8.20% ± 0.41% of PDGFRa + fibroblasts were labeled by tdTomato ( Figure  5E-5G) . To test how endocardial-derived fibroblasts respond to injury, we collected donor hearts at day 3 post transplantation, and stained for tdTomato, PDGFRa and proliferation marker Ki67 ( Figure 5H ). Expression of Ki67 in tdTomato + fibroblasts suggested that EndMT-derived fibroblasts proliferated resulting in excessive fibrosis in EFE.
We next employed another inducible Cre line Npr3-CreER that specifically labels the embryonic endocardium for analysis in the EFE-like model ( Figure 6A ). Co-staining of tdTomato and PDGFRa on the donor heart sections of Npr3-CreER;R26-tdTomato showed that tdTomato labeled some PDGFRa + fibroblasts within the EFE-like tissues ( Figure 6B) . Quantification of the percentage of tdTomato + cells in the PDGFRa + population within the EFE-like tissues showed that 10.41% ± 2.41% of fibroblasts were derived from the Npr3-CreERlabeled embryonic endocardium ( Figure 6C ). Immunostaining for FSP1 and CDH5 on EFE heart sections of Npr3-CreER;R26-tdTomato also identified a small number of tdTomato
− cells within the EFElike tissues ( Figure 6D ). Flow cytometric analysis of the percentage of tdTomato-labeled PDGFRa + cells in the EFE-like models showed that about 8.12% ± 0.28% fibroblasts were derived from the Npr3-CreER-labeled embryonic endocardium ( Figure 6E-6G) . Immunostaining for tdTomato, PDGFRa and Ki67 on the sections of Npr3-CreER;R26-tdTomato donor hearts, which were collected at day 3 post transplantation, showed proliferation of embryonic EndMT-derived fibroblasts after injury ( Figure 6H ). Taken together, our results demonstrated that the embryonic endocardium contributed to EFE fibroblasts, and their contribution (about 6-10%) did not represent a major source of EFE fibroblasts.
Embryonic epicardium contributes to the majority of EFE fibroblasts
As embryonic endocardium minimally contributed to EFE fibroblasts, we hypothesized that the embryonic epicardium (Epi-MCs) differentiated into the majority of fibroblasts within EFE-like tissues. To test this, we crossed the epicardial Cre line Wt1-CreER [16] with the reporter line R26-tdTomato and examined the lineage conversion of epicardium in the EFE-like model. First, we performed fate mapping of the embryonic epicardium in native hearts. Tamoxifen was administered at E10.5 and the hearts were harvested and analyzed at P19 ( Figure 7A ). Immunostaining for tdTomato and PDGFRa was performed on heart sections of Wt1-CreER;R26-tdTomato. We found that the majority of PDGFRa + fibroblasts in the ventricles were tdTomato + (86.63% ± 2.87%, Figure 7B ). These data suggested that the embryonic epicardium was the major source of fibroblasts in native hearts, which is in accordance with previous studies [15, 37, 41] . We then developed EFE-like models using Wt1-CreER;R26-tdTomato mice and examined the contribution of embryonic epicardium to EFE fibroblasts ( Figure 7C ). Co-staining of tdTomato and PDGFRa showed the co-localization of tdTomato and PDGFRa within the EFE-like tissues ( Figure 7D ). Immunostaining for tdTomato, FSP1 and CDH5 also identified tdTomato + FSP1 + CDH5 − cells within the subendocardial EFE-like tissues of the left ventricles ( Figure 7E and 7F) . Quantification of the percentage of tdTomato + PDGFRa + cells in the EFE-like tissues showed that 65.10% ± 8.55% of fibroblasts were derived from Wt1-CreER-labeled embryonic epicardium and their derivatives ( Figure 7G ). Flow cytometric analysis showed that 62.58% ± 0.71% of PDGFRa + cells were labeled by tdTomato ( Figure 7H-7J) . Immunostaining for tdTomato, PDGFRa and Ki67 on the sections of Wt1-CreER;R26-tdTomato donor hearts, which were collected at day 3 post transplantation, also confirmed proliferation of EpiMT-derived fibroblasts after injury ( Figure 7K ). Taken together, our results demonstrated that the majority of fibroblasts within EFE-like tissues originated from the epicardium. We also compared the proliferation rates of epicardial-and endocardial-derived fibroblasts at day 3 post transplantation, and did not find a significant difference ( Figure 7L ), which suggests that both EpiMT-and EndMT-derived fibroblasts responded to the injury and contributed to the fibrosis formation. Indeed, our results are consistent with previous work [21] .
Postnatal epicardium does not give rise to EFE fibroblasts
Previous lineage tracing data suggested that Npr3-CreER-labeled postnatal endocardium and epicardium did not contribute to EFE fibroblasts (Figure 1D-1F ; Supplementary information, Figure S2A and S2B). To further examine whether postnatal epicardium generates EFE fibroblasts, we traced the fate of postnatal epicardium using Wt1-CreER;R26-tdTomato mice. To test the labeling of Wt1-CreER;R26-tdTomato in native postnatal hearts, tamoxifen was administered at P5 and hearts were harvested at P19 ( Figure 8A ). Immunostaining for tdTomato and PECAM on heart sections showed that Wt1-CreER labeled epicardial cells and some coronary endothelial cells ( Figure 8B ). Immunostaining for PDGFRa and tdTomato on heart sections showed that WT1-CreER did not label fibroblasts at the postnatal stages ( Figure 8C ). Next, we developed the EFE-like model using Wt1-CreER;R26-tdTomato mice. Tamoxifen was administered at P5, and hearts were collected and implanted at P7. At day 12 following transplantation, the donor Wt1-CreER;R26-tdTomato hearts were harvested and analyzed ( Figure 8D ). Immunostaining for tdTomato, CDH5 and PDGFRa on the EFE heart sections showed that tdTomato + cells within the EFE-like tissues were CDH5 + but PDGFRa − ( Figure 8E and 8F) . Our results suggested that the postnatal epicardium did not contribute to EFE fibroblasts.
Blocking the TGFβ signaling pathway effectively reduces fibroblast accumulation in EFE-like model
The TGFβ pathway has been reported to be a key mediator for cardiac fibroblast activation and shown to play important roles in cardiac fibrosis [42, 43] . Previous gain-and loss-of-function studies have demonstrated the pivotal role of TGFβ in inducing fibrosis [44] [45] [46] [47] . Similarly, inhibition of TGFβ has been shown to ameliorate fibrosis [43, 48] . To test whether TGFβ signaling participates in fibroblast accumulation or fibrosis formation in the EFE-like model, we stained with anti-TGFβ1 and anti-TGFβ2 antibodies on the sections of native hearts and EFE-like hearts. In the native hearts at P19, neither TGFβ1 nor TGFβ2 was detected in the myocardium ( Figure 9A ). However, expression of TGFβ1 and TGFβ2 was significantly higher in the myocardium of left ventricles from the EFE-like hearts ( Figure 9A ). As an internal control, we have also checked the level of TGFβ in the right ventricle. Our results showed that the expression level of TGFβ1 and TGFβ2 was much lower in the right ventricles compared to that of the left ventricles ( Figure  9A and 9B), which could partially explain why excessive fibrosis often occurs in the left ventricles rather than the right ventricles in EFE patients and EFE-like models.
Previous studies reported that bone morphogenetic protein 7 (BMP7) could antagonize the TGFβ signaling pathway through a direct Smad-dependent counteraction [13, 22, 49] . We therefore treated the recipient mice with BMP7 (30 µg/kg) on every alternate day following transplantation. At day 12 post transplantation, we collected the EFE-like hearts and performed sirius red staining, and found that the accumulation of fibroblasts within EFE-like hearts was significantly reduced after BMP7 administration compared to that of the control group ( Figure 9C and 9D) . PDGFRa staining also confirmed less fibroblast accumulation in the left ventricles after BMP7 treatment ( Figure 9E ). Taken together, our results show that TGFβ plays a pivotal role in fibroblast accumulation and inhibition of the TGFβ signaling could ameliorate fibrosis in the EFE-like model. 
Discussion
EFE refers to a specialized type of fibrosis with excessive fibroblasts deposited in the thickened subendocardial layer. During EFE, proliferation of fibrous and elastic tissues may eventually lead to decreased compliance and impaired diastolic functions [6] . These excessive fibroblasts are mainly restricted to the subendocardial layer rather than throughout the myocardium. As indicated by its name endocardial fibroelastosis, EFE, is thought to be largely associated with endocardial cells and/or their derivatives, such as excessive fibroblast formation from endocardial to mesenchymal transition [13] . Here, we provide direct genetic lineage tracing evidence that, rather than the endocardium, the epicardium and its derived mesenchymal cells (Epi-MCs) contributed to the majority of fibroblasts within EFE-like tissues. These Epi-MCs populated the myocardium at the embryonic stage and generated excessive fibroblasts within EFE-like tissues at the postnatal stage. Unexpectedly, the endocardium contributed minimally to fibroblasts within EFE-like tissues. Rather than postnatal endocardial to mesenchymal transition, endocardial cells generated Endo-MCs at the embryonic stage and it was such MCs that contributed to fibroblast formation in postnatal EFE. Our study has discovered a new, major cellular origin of EFE and it suggests that the location of pathogenesis might not reflect its cellular origin. We also found that TGFβ1 and TGFβ2 were highly expressed in the myocardium of left ventricle and that inhibition of the TGFβ signaling with BMP7 ameliorated fibrosis in the EFE-like model. Our comprehensive lineage tracing studies from developmental to pathogenetic stages provide new insights into understanding the fundamental pathomechanisms underlying EFE.
In this study, we used an established EFE-like model [13, 28] . This transplant model may create a cardiac pathology resembling human EFE, but it is still unknown if the underlying pathobiology of this model can accurately recapitulate human EFE. There are some differences between this model and human EFE, such as lack of cardio-respiratory coupling and negative intrathoracic pressures affecting the heart. Therefore, we term this transplant model as an "EFE-like" model. Further investigations are needed to extrapolate our findings to the clinical settings of human EFE. Even though this model has been developed and studied for years, there remains a paucity of investigation into the mechanism underlying fibrosis in the EFE-like model. Fibrosis can be a result of tissue ischemia with reduced blood flow into the hemodynamically unloaded heart. Moreover, inflammatory responses within the heart could also lead to proliferation and migration of mesenchymal cells that deposit extracellular matrix [8, 50, 51] . Nevertheless, we could not exclude the possible effects of the immune responses in the EFElike model. Other causes such as nutrient deprivation may also be responsible for the fibrosis. Thus the precise cellular and molecular mechanisms underlying fibrosis in EFE merit further investigation with an improved model system.
As different origins of cells may determine distinct potential therapeutic targets, it is important to revisit the cellular origin of fibroblasts within the EFE-like tissues. Lineage tracing technology has been utilized to uncover the cellular origin and cell fate determination during development and diseases [52] . We took advantage of the bacteriophage Cre-Loxp system to permanently label Cre-expressing cells and all of their descendants [53] . By virtue of the constitutively active Cre lines (such as Tie2-Cre), any cells that expressed Cre from early development would be irreversibly labeled, thus constitutively active Cre lines do not allow us to distinguish the postnatal cell fate transition from early developmental lineage conversion [54] . A recent study using the constitutive Tie2-Cre reported that fibroblasts within EFE-like tissues originate from endothelial cells via aberrant EndMT [13] . It should be noted that Tie2-Cre labels not only postnatal endocardial cells, but also embryonic endocardial cells during early development and their derivatives such as Endo-MCs [55] . Indeed, Tie2-Cre labeled endocardial cells that undergo EndMT and convert into primitive mesenchymal progenitors expressing PDGFRa and PDGFRb [20] . These endocardial-derived MCs contribute to pericytes, vascular SMCs and a few fibroblasts in the developing heart at later embryonic stages [19, 20] . Thus a previous study employing Tie2-Cre [13] could not distinguish postnatal endocardial cells from early endocardium-derived MCs. In addition, Tie2-Cre labels both coronary vascular endothelial cells and endocardial cells, and it is hard to distinguish whether fibroblasts are derived from pre-existing endocardial cells or vascular endothelial cells [13] . Indeed, recent work reported that endocardium-derived fibroblasts labeled by Tie2-Cre and epicardium-derived fibroblasts proliferate and respond similarly to cardiac injury [21] . From temporal and spatial perspectives, it is critical to employ mouse lines that harbor inducible Cre recombinase under endocardium-specific promoter to address if postnatal endocardial cells give rise to excessive fibroblasts within EFE-like tissues.
To readdress the cellular origin of EFE fibroblasts, we generated new mouse lines for inducible lineage tracing with temporal and spatial control of Cre activity. By using the inducible endocardial Cre line Npr3-CreER [31, 32] , we genetically labeled endocardial cells at P5 and found that most endocardial cells did not contribute to fibroblasts within EFE-like tissues. We further confirmed this finding by using the endothelial cell tracing line Cdh5-CreER, which labeled both endocardial cells and vascular endothelial cells with high efficiency. These data convincingly demonstrated that postnatal endocardial cells did not generate fibroblasts within EFE-like tissues. Furthermore, we identified Sox9-derived MCs at the embryonic stage and our fate mapping data showed that most fibroblasts within EFE-like tissues were derived from Sox9-derived MCs. By using Nfatc1-2A-CreER, Npr3-CreER or Wt1-CreER lines that respectively labeled endocardial or epicardial cells, respectively, we found that the majority of EFE fibroblasts were derived from the embryonic epicardium rather than embryonic endocardium. Collectively, these inducible lineage tracing lines with more restricted spatial and temporal Cre activity presented a new model that the resident epicardium-derived MCs, but not the endocardial cells, were the major source of EFE fibroblasts (Figure 10 ).
Another issue that needs to be addressed for lineage Figure 10 Proposed model for EFE fibroblast origins based on genetic lineage tracing in this study. Majority of subendocardial EFE fibroblasts are derived from embryonic MCs, which are derivatives of endocardium via EndMT and epicardium via EpiMT. Inducible lineage tracing studies showed that the embryonic epicardium is the major source for EFE fibroblasts (> 60%), while the embryonic endocardium contribute to minority of EFE fibroblasts (~6%-10%). Neither postnatal epicardial cells nor endothelial cells (including endocardium and coronary endothelium) contribute to EFE fibroblasts.
tracing is the specificity of fibroblast markers. Recent studies suggested that several molecular markers used to define fibroblasts are either non-specific or only specific for certain subsets of fibroblast population rather than the whole-fibroblast pool. Such issues could account for results of the discordant origin mentioned in above studies [56] . For instance, the typical fibroblast marker vimentin has also been found to be expressed by other cell types, including endothelial cells [57, 58] . Another marker discoidin domain receptor 2 is also expressed by both SMCs and leukocytes [59, 60] . Collagens such as Collagen1A1 are more enriched in fibrosis tissues. However, collagens are extracellular matrix proteins and are not suitable for localizing fibroblasts with lineage reporter proteins. Collagen1A1-GFP fusion reporter driven by endogenous gene could be helpful to specifically label fibroblasts [19] . Furthermore, periostin, which is also supposed to label activated fibroblasts, is, in fact, an extracellular matrix protein [61] . aSMA is supposed to be highly expressed by activated fibroblasts termed "myofibroblasts". However, aSMA is also highly expressed by SMCs, and labels only 15% of collagen-positive cells as fibrosis tissues [19, 62] . FSP1 and thymus cell antigen-1 are putative markers for subgroups of fibroblasts. However, they are also expressed by a subset of endothelial cells and leukocytes [19, 30] . Since previous work demonstrating endocardial contribution to fibroblasts mainly used FSP1 as the fibroblast cell marker [13, 22] , we included FSP1 together with the endothelial cell marker CDH5 to distinguish FSP1 + CDH5 − and FSP1 + CDH5 + cells within EFE-like tissues. We also found that FSP1 was expressed in leucocytes and co-localized with CD45, CD11b and F4/80 in native hearts and EFE-like hearts (Supplementary information, Figure S7 ). Previous evidence for EndMT-derived fibroblasts was based on results of lineage tracing via Tie2-Cre, which actually labels both endothelial cells and resident FSP1 + leucocytes [13] . Recent studies suggested that PDGFRa comprehensively and strongly marked fibroblasts [19] , despite that PDGFRa is also expressed in mesenchymal stem cell-like progenitor cells of the neonatal mouse heart [63] . Therefore, we used PDGFRa as a fibroblast marker to determine the lineage of fibroblasts within fibrous EFE-like tissues.
Although we provided new evidence suggesting that embryonic epicardium and their derived MCs were the major source of EFE fibroblasts, and the TGFβ signaling pathway plays important roles in EFE formation, additional studies are needed to delineate more signals regulating expansion of epicardium-derived fibroblasts and the relationship between EFE and pathogenesis of HLHS. The signaling pathways governing Epi-MCs expansion in EFE fibrosis may include both developmental program of EpiMT as well as signals regulatory fibroblast proliferation such as Shh, Notch, PDGF and FGF [27, 37, [64] [65] [66] [67] [68] . Therefore, detailed molecular mechanisms regulating Epi-MCs cell fate and function merit further investigations. Together, understanding the cellular origin of EFE fibroblasts and mechanisms underlying cell fate determination and expansion could potentially uncover new therapeutic candidates for treatment of EFE.
Materials and Methods
Mice
All animal experiments were carried out in strict accordance with the guidelines in the Institutional Animal Care and Use Committee (IACUC) of the Institute for Nutritional Sciences, Shanghai Institutes for Biological Sciences, Chinese Academy of Science. Tamoxifen was administered by oral gavage at the indicated time points (0.1-0.2 mg/g of body weight). Caesarean section was performed on pregnant mice receiving tamoxifen to obtain perinatal pups. R26-tdTomato, Npr3-CreER, Cdh5-CreER, Wt1-CreER and Sox9-CreER mice were described previously [16, 32, [69] [70] [71] . The Nfatc1-2A-CreER mouse line was generated by homologous recombination using CRISPR/Cas9 technology. The 2A peptide sequence derived from porcine teschovirus-1 was upstream of the cDNA encoding CreER and polyadenylation sequence. This 2A-CreER cassette was introduced into the 9 th exon of Nfatc1, and corrected targeting was verified by long PCR genotyping. This mouse line was generated by Shanghai Biomodel Organism. Co, Ltd. All mice were maintained on the C57BL6/ICR background. Genomic DNA for genotyping was prepared from embryonic yolk sac or mouse tail. Tissues were lysed by incubation with Proteinase K overnight at 55 °C. DNA was precipitated by adding isopropanol, and washed in 70% ethanol. Then genomic DNA was diluted in 200 µl distilled water.
Animal model of unloaded heterotopic heart transplantation
The donor pups at postnatal day 7 were anesthetized by intraperitoneal injection of pentobarbital sodium, and then received 60 IU heparin. The hearts were collected through a midline thoracic incision. The vena cava, aorta and pulmonary artery were identified, isolated, ligated and transected. The donor hearts were then placed in cold high potassium Krebs-Henseleit solution as previously described until the time of implantation [72] . Sevenday-old donor hearts were implanted into the peritoneal cavity of 8-week-old ICR mice in an unloaded configuration as previously described [28, 29] . Briefly, the ascending aorta was anastomosed to the infrarenal aorta, and the pulmonary artery was anastomosed to the infrarenal vena cava. At day 12 following implantation, the recipients were sacrificed and the donor hearts were collected and analyzed. To test the fibrosis inhibition of BMP7, the recipient mice were treated with BMP7 (Abcam, ab87055) or PBS by intraperitoneal injection every other day at a concentration of 30 µg/kg since transplantation. Then the donor hearts were collected at day 12 post transplantation for analysis.
Immunofluorescent staining
Immunofluorescent staining was performed as previously described [31] . Briefly, embryonic hearts were collected and washed with PBS to remove excessive blood. After fixed in 4% PFA at 4 °C for 20 min to 1 h, tissues were dehydrated in 30% sucrose for several hours or overnight until they sank to the bottom. The tissues were embedded in OCT (Sakura) and serial cryosections of 8-10 µm thickness were collected. After air drying for 30 min, slides were blocked with PBS supplemented with 0.1% triton X-100 and 5% normal donkey serum (Jackson Immuno Research) for 30 min at room temperature, followed by incubation with the first antibody at 4 °C overnight. The following first antibodies were used: tdTomato (Rockland, 600-401-379), tdTomato (ChromoTek, ABIN334653), PECAM (BD, 553370), CDH5 (R&D, AF1002), FABP4 (Abcam, ab13979), PDGFRa (eBioscience, 14-1401-81), PDGFRa (R&D, AF1062), PDGFRb (eBioscience, 14-1402), aSMA (Sigma, F3777), ESR (Abcam, ab27595), Tbx18 (Santa Cruz, sc-17869), FSP1 (Dako, A5114), Sox9 (Millipore, AB5535), CD11b (BD, 550282), CD45 (eBioscience, 47-0451), F4/80 (Abcam, ab6640), Collagen I (Abcam, ab34710), Collagen III (Southernbiotech, 1330-01), Ki67 (Thermo Scientific, RM-9106-S0), TGFβ1 (Santa Cruz, sc-146), TGFβ2 (Abcam, ab36495), Tnni3 (Abcam, ab56357). Signals were developed with Alexa fluorescence antibodies (Invitrogen). For weak signals, we used HRP-conjugated secondary antibodies and developed using tyramide signal amplification kit (PerkinElmer). Images were acquired by Olympus confocal microscope (FV1200) or Zeiss microscope (AXIO Zoom. V16).
Whole-mount immunostaining for estrogen receptor
We performed whole-mount immunostaining as described previously [32] . Embryos were collected in PBS and fixed in 4% PFA at 4 °C overnight. The embryos were then dehydrated through a methanol gradient (25%, 50%, 75% and 100% methanol in PBS) for 15 min in each condition at room temperature. After that, the embryos were rehydrated through 100%, 75%, 50% and 25% methanol in PBS for 15 min in each condition at room temperature. After pretreatment in blocking buffer (5% donkey serum and 0.1% Triton X-100 in PBS) for 1 h at 4 °C, the embryos were incubated with ESR antibody (Abcam, ab27595) at 4 °C overnight. The embryos were then washed in 0.1% Triton X-100/PBS for four times, which each lasted for 1 h. After incubation with the secondary antibody (Vector lab, MP-7401) for 2 h at room temperature, the embryos were washed in 0.1% Triton X-100/PBS for 4 h. The ImmPACT DAB kit (Vector, sk-4150) was used to develop the color to the desired condition. Images were acquired by a Leica stereomicroscope (M165FC).
Sirius red staining and H&E staining
Hearts were collected in PBS buffer and fixed in 4% PFA at 4 °C for 1 h. The hearts were then dehydrated in 30% sucrose overnight and embedded in OCT. Serial cryosections of 8-10 µm thickness were collected. For sirius red staining, sections were re-fixed with Bouin's solution at room temperature for 12 h. Next, sections were stained with 0.1% fast green for 3 min. After pretreatment with 1% acetic acid for 1 min, the sections were stained with 0.1% sirius red solution for 1 min followed by a serial of dehydration procedures in ethanol and xylene. The slides were then mounted in Permount Mounting Medium. For H&E staining, slides were incubated in Hematoxylin A solution for 3 min, and then rinsed in running tap water for 1 min. The slides were then treated with 1% concentrated hydrochloric acid in 70% ethanol for 1 min and rinsed in running tap water for 1 min. After soaking in 1% ammonia water for 1 min and washed by running tap water, the slides were stained with Eosin-Y solution for 10 s followed by dehydration in ethanol and xylene. The slides were lastly mounted in neural balsam. Images were acquired by Zeiss microscope (AXIO Zoom. V16).
Cell isolation and fluorescence-activated cell sorting
Cells were isolated from EFE-like hearts as described previously [73] . Briefly, EFE-like hearts were dissected and carefully cut into small pieces with fine scissors. And then the hearts were digested by trypsinase and collagenase type II at 37 °C. After digestion, the lysis buffer containing cells were passed through 70-mm cell strainers. After centrifuging at 500× g for 3 min at 4 °C, non-cardiomyocytes were obtained in the suspension liquid. For identification of live cells, the LIVE/DEAD Fixable Violet Dead Cell Stain Kit (Life Technology, L34955, 1:1 000) was used according to the manufacturer's instruction. Then the isolated cells were stained with PDGFRa-APC (eBioscience, 17-1401, 1:200) for 30 min. Flow cytometry was performed using a BD FACS Aria flow cytometry system (BD Biosciences, San Jose, CA, USA). Data were analyzed using FlowJo software (Tree Star, Ashland, Oregon, USA).
Statistical analysis
All data were collected from at least three independent experiments as indicated. Besides flow cytometry, we also counted the number of EFE fibroblasts via immunostaining on tissue sections. For analyzing the labeling percentage of EFE fibroblasts by tdTomato, we collected five heart samples for each experiment. At least eight tissue sections from each heart were collected for immunostaining; and images were taken with at least five fields in each section for analysis. The percentage of contribution to EFE fibroblasts was calculated as tdTomato + PDGFRa + cells in PDGFRa + cells within EFE-like tissues. All data were presented as mean values ± SEM. Statistical comparisons between data sets were done by a two-sided unpaired Student's t test for comparing differences between two groups. P < 0.05 was considered to be statistically significant.
